Introduction
Intense and sustained research into single crystals and polycrystalline assemblies continues to produce advanced materials crucial to the function of modern and future electronic and photonic devices. Device function is not only based upon the optical and electronic properties of the active material (for example, the light absorbing layer in molecular solar cells), but also the molecular and supramolecular ordering. Herein we will focus on devices and technologies where single crystalline materials are employed, and where appropriate, discuss competing materials and devices where polycrystalline or amorphous materials are used. We acknowledge that there is a sustained push to use solution processable conjugated polymer films for several similar technological applications; however, these films are typically disordered and suffer from impurities and chemical defects inherent to synthetic macromolecules making definitive characterization using X-ray diffraction difficult or impossible. Small molecule crystalline materials, on the other hand, can be obtained in high purity with a high level of organization in the solid state. Additionally, our discussion will be largely limited to organic materials as there is a drive to replace conventional inorganic active materials (for example the semiconductor channel layers in transistors) with organic compounds. The reasoning for this lies in the fact that organic compounds can be synthesized and purified relatively easily using bench-top techniques without the requirement of high temperatures and energy intensive processes. As an example, to obtain electronics and solar cell grade silicon several high temperature steps are required to reach the necessary purities in excess of 99.9999%. 1 Organic compounds can be highly purified using conventional solution crystallization or vapor growth 2 methods yielding materials which exhibit impressive performance, in some cases rivaling their inorganic counterparts. 3 For this review we selected to focus on two areas: (i) photochromic molecules that can be used for molecular scale data storage and as actuators capable of turning molecular level changes into macroscopic motion, (ii) organic field effect transistors and organic photovoltaics that make use of single crystals for charge transport. Other important areas of research such as catalysis, nonlinear optics, magnetic materials, and biology also make effective use of crystalline materials but are beyond the scope of this review.
Photochromic materials
Photochromism is the light induced reversible change in the absorption spectrum of a molecule and is necessarily accompanied by changes in both electronic and molecular structure and properties. 4 A generic photochromic system in which component A can be transformed into B via irradiation with light of energy hν1 is illustrated in Figure 1 . Species B reverts back to A upon exposure to light with energy hν2. As photochromic molecules have the ability to optically cycle between two spectroscopically distinct states, they have been studied for possible applications in molecular switching, variable transmission lenses, and molecular scale optical data storage. 5 In some cases a system may also have a thermally activated pathway for the interconversion of the chemical species. Given the close packing and perceived rigidity of crystalline lattices, photochromism in the crystalline state was thought to be rare compared to observation of this phenomenon in solution 6 or in polymer matrices 7 where the medium is less constrained and thus permits the associated changes in molecular shape and volume. The spirooxazine (SO) and spiropyran (SP) class of photochromic materials are typified by a heterocyclic ring-closed isomer, the spiro-form, which is usually colorless and dominates the equilibrium. The isomerization of representative SO and SP compounds is shown in Scheme 1. Irradiation with high-energy UV light leads to cleavage of the C-O bond at the spirocyclic carbon giving a ring-opened form, the photomerocyanine form, that is strongly colored owing to the extended conjugation afforded by planarity and the donor-acceptor character of the molecule. 5, 8 Removal of the UV irradiation source or irradiation with visible light affects the reverse reaction. While photochromic spiropyrans 9 and spirooxazines 10 have been known for some time, photoisomerization has almost exclusively been observed in solution and in polymer matrices, though recent research suggests that crystalline state photoisomerization may be more general and thus make SOs and SPs amenable to use in solid state devices. Understanding and visualizing the structural and electronic changes that occur upon photoisomerization would be indispensable in aiding the design and fabrication of SO and SP containing devices and guide the synthesis of new materials. Scheme 1. General structure of spirooxazines and spiropyrans. Photoisomerization is initiated with UV light; visible light or heat affects the ring closing reaction.
More than ten years ago, Benard and Yu used UV-Vis absorption measurements to show that photoisomerization occurred in microcrystalline powders of cationic SO 1 11 and SPs 2 and 3 12 shown in Figure 2 . This was attributed to the presence of a large iodide counter ion giving the necessary free space in the crystal lattice along with stabilization of the iminium cation that was afforded upon ring opening. When examined by X-ray diffraction, however, the powder patterns showed only small changes suggesting that the observed isomerization was likely a surface effect and did not occur in the bulk. Arguably, the single crystalline phase is more constrained than microcrystalline powders giving less room for the large structural changes that are necessary upon ring opening and planarization in SOs and SPs. When the indoline group typically used for spirooxazines is replaced with an azahomoadamantyl group as in SO 4 (Figure 3 ), isomerization was found to occur at room temperature in prism shaped single crystals grown from a hexanes solution. 13 The initially colorless, block shaped crystals turned dark purple upon irradiation with UV light. Unlike in solution, the thermal reaction leading to color bleaching was not observed in the single crystal, and the dark purple color persisted for several months compared to seconds or minutes in solution. Analysis of the electron density difference map (Figure 3c ) showed only small changes indicating that there was likely much less than 10% photoconversion within the crystal. 14 The polarized absorption spectra before and after irradiation (Figure 3d ) illustrate the dramatic changes in the absorption spectra that occur upon photoisomerization. These results demonstrate that crystalline SO materials could be used as filter materials and possibly as data storage media where the differences in absorption could correspond to the 1's and 0's of the binary computer language. It should be noted that changes in the polarizer orientation do not lead to significant changes in absorption because of the orthogonal arrangement of molecules in the crystal lattice. 13 The exact structure of species responsible for the purple color was never discussed, although it may be some ring opened form that is not completely planar through the conjugated portion and that may not be able to revert to the closed form owing to crystal packing forces. Harada and coworkers 15 reported similar results for the irradiation of single crystals, obtained from methanol or acetone solution, of a series of structurally related SOs and SPs at various temperatures. UV irradiation at room temperature resulted in little or no color changes. In contrast, irradiation of the single crystals at 90 K led to strong color changes that persisted. The population of the photogenerated form was low, however, as it could not be detected by X-ray diffraction. The supposition was made that the thermal reversion to the colorless spirocyclic form is fast at room temperature and thus cryogenic temperatures essentially prevent this reaction. The authors note that it is unclear whether these single crystal photoreactions occur at defect sites or whether lattice control is directly responsible and investigations to answer this question are currently underway.
In contrast to the spirooxazine and spiropyran class of photochromic materials, diarylethenes require only modest structural changes upon photoisomerization. The observed isomerization is typically not thermally reversible if aryl groups with low aromatic stabilization energy such as thiophene, benzothiophene, furan, and thiazole are used. 18 Initial work by Irie and Uchida 18 showed that a single crystal of a thiophene substituted perfluorinated diarylethene exhibited the photoisomerization phenomenon in the single crystalline phase. A single crystal of this compound, which was initially clear and colorless, became reddish upon irradiation with UV light. As a proof of concept that these crystals could be used for data storage, the authors inscribed the Chinese character for "light" on the crystal with micron dimensions. 18 Subsequent work has shown that photoisomerization in diarylethene single crystals is a rather general phenomenon. [16] [17] 19 The compound 1,2-bis(2,5-dimethyl-3-thienyl) perfluorocyclopentene (compound 7), shown in Figure 4 in its ring opened (7a) and ring closed (7b) forms, serves as a quintessential example. 16 Single crystals of 7a grown from hexanes are rhomboid in shape and colorless. Irradiation with 366 nm light causes the crystal to turn reddish purple in color (Figure 4 ). Polarized absorption spectra showed that the changes in absorption occurred without loss of order in the crystal and X-ray diffraction experiments confirmed that ring closed isomer 7b was formed. Figures 4c and 4d show an overlay of the molecular structure of 7a and 7b and it can be clearly seen that the majority of motion occurs in the region of the sulfur and reacting carbon atoms (atoms C1 and C10). To show that the ring opening reaction was also possible, crystals of 7b were also grown and irradiated with visible light. 17 The conversion (7b to 7a) was only about 9% but did prove that this reverse transformation was also possible. When an organometallic diarylethene 8 ( Figure 5 ) was synthesized, it exhibited even higher photoconversion factors in the single crystalline phase. The isomerization was found to proceed through a triplet sensitized pathway leading the authors to conclude that crystals of such compounds could easily find use as molecular switches. 20 The ability to efficiently photoisomerize in the single crystalline phase endows diarylethenes with the unique ability to use light to carry out a change on the molecular level that then leads to action on the macroscopic scale. Colombier and coworkers observed irradiated diarylethene crystals of 9 ( Figure 5 ) "jump" distances of 500 μm; when crystals are immobilized and unable to "jump" cracks appear on the surface. 21 While the jumping phenomeon was not observed in compound 10 ( Figure 5 ), these crystals showed reversible surface morphology changes as determined by atomic force microscopy (AFM) when alternately irradiated with UV and visible wavelength light. This observation led Irie and coworkers to examine the possibility of using suitably sized diarylethene crystals as actuators to perform mechanical work using light activation. 22 Initial attempts using single component rod-like crystals 22 or co-crystals consisting of a 1:2 molar ratio of diarylethene 11 and perfluonaphthalene (12) 23 demonstrated that photomechanical work was possible as the crystals were able to move a small load upon irradiation ( Figure 6 ). When a rod-like crystal holding a small lead bearing was irradiated with UV light, the crystal bent away from the light source lifting the attached weight in the process. This effect is attributed to the change in the length of the short axis of the molecule (Figure 6c) ; when the molecules on the surface of the crystal are irradiated and photoisomerize to their ring closed state the net effect is an expansion on one side of the crystal (Figure 6d ) which manifests as the macro-scale bending observed. The co-crystals proved quite durable by withstanding a few hundred cycles without degrading compared to less than one hundred cycles for the single component crystals.
Recent literature reports indicate that macroscopic motion due to molecular scale photoisomerization reactions is not unique to the diarylethene class of photochromes. A dimethylamino-subsistuted azobenzene, compound 13 in Figure 7 , was shown to exhibit crystal bending despite the fact that a large change in molecular geometry is required upon photoisomerization, namely a trans  cis rearrangement. 24 Another compound worth mentioning is salicylideneaniline 14, which has been known to undergo tautomerization in single crystals. 14 Small plate-like microcrystals (73 x 4.5 x 1.1 μm) were grown by sublimation, and when irradiated with 365 nm light bent in a direction away from the light source. 25 Irradiation with visible light returned the crystals to their former position. X-ray diffraction experiments confirmed that approximately 10% of the molecules had photoisomerized. Thus, it has been hypothesized that photochromic actuators could find use in artificial muscles and devices where light initiated photoisomerization is effectively translated into macroscopic motion. In addition to mechanical and optical effects, the change in bonding pattern associated with the photoisomerization process has been explored as related to its influence on magnetic properties. In particular, the differences in conjugation between the two components of a photochromic system containing magnetic centers can lead to switchability in magnetic properties. Magnetism arises from the motion of charge, in particular unpaired electrons. Therefore, metal ions or organic radicals are typically employed and the resulting magnetic properties explored using single crystalline or microcrystalline materials.
Using the highly versatile diarylethene molecular framework, Irie showed that coupling between two terminal nitronyl nitroxide radical groups depended on whether the diarylethene was in its ring opened or ring closed form. 26 Microcrystalline powders of the ring opened form showed little coupling between the two nitronyl nitroxide radicals, while the ring closed form showed strong anti-ferromagnetic coupling. This was attributed to the ability of the radicals to delocalize over the π-system, which was in turn dependent on whether the molecule was in its ring opened or ring closed state.
A relatively new means of controlling the magnetic properties of a material relies on the interaction between a metal center with unpaired electrons and a photoisomerizable ligand. 27 The ligand field, which in turn affects the magnetic behavior of the metal electrons, is predicted to change upon isomerization from one photochromic state to another. This has been clearly demonstrated by Nishihara 28 and one example illustrated in Figure 8 . Irradiation of a microcrystalline styrylpyridine iron(II) based complex led to an increase in magnetization (measured on the y-axis) for a given temperature with the associated Z  E isomerization. X-ray crystallographic analysis of the isomers confirmed the observation of a change in magnetization. 
Crystalline molecular semiconductors
No class of materials has been more important to the evolution of modern electronic devices than semiconductors. Inventions including the transistor, photovoltaics, and light emitting diodes all rely upon the semi-conductors unique ability to convert from electronically insulating to a fully conductive material. These devices typically require inorganic active materials that must undergo extensive and expensive processing to give materials of the required purity. Recently, there has been a push to replace traditional inorganic components with organic materials in the form of organic field effect transistors (OFETs) and organic photovoltaic (OPV) devices. While the subject of OPV and OFET fabrication and operation is beyond the scope of this review, it is worth mentioning that one of the most important properties of a semiconducting material is its ability to conduct charge (referred to as the mobility and given in units of cm 2 /Vs), either electrons or holes, and this is highly dependent on electronic structure, energy level (HOMO/LUMO) position, and on supramolecular organization. 29 Both π-conjugated polymers and small molecule based compounds have been examined, but only the molecular materials can be obtained in the required purity with the required supramolecular order that gives rise to the necessary charge transport properties. 30 The acene class of molecules shown in Figure 9 are among the most widely studied and best performing materials with regard to charge conductivity. 31 Figure 9 . The structure of commonly used acene small molecules.
Facile processing is one of the greatest advantages organic materials hold over their inorganic counterparts. Organic molecules can be deposited on substrates in a number of ways including spin coating from solution, dip coating, vapor deposition methods, and inkjet printing. The best performing materials are grown using the vapor deposition method, 2b illustrated in Figure 10a , which can afford high quality single crystals while removing unwanted contaminants. 2a, 32 The single crystals are then manually harvested and manipulated into the appropriate device architecture. In contrast, dip-coating and other solution processing methods typically give lower quality materials relative to vapor-grown crystals (Figure 10b ).
Although pentacene (structure show in Figure 9 ) was a popular molecule for OFET studies, rubrene ( Figure 9 ) is now growing in popularity due to its superior stability in air as pentacene is easily oxidized. 34 Rubrene is known to exhibit several polymorphs depending on crystal growth conditions with packing also determined by competition between quadrupolar and π-stacking interactions. 35 It has the ability to form high quality crystals with an electronic band structure 36 as opposed to discrete energy states and was first examined as a single crystal OFET by Podzorov and coworkers who fabricated devices with mobilities as high as 1 cm 2 /Vs 37 and up to 20 cm 2 /Vs with an optimized device. 38 Soon after, Brédas and coworkers compared the crystalline state structures of rubrene to unsubstituted acenes both computationally and experimentally and found that, contrary to expectation, the bulky phenyl side groups force molecular displacements that promote large intermolecular electronic coupling. 39 Furthermore, mobility was shown to be axially dependent. 40 However, when an "in channel" device was fabricated, where charge carriers moved through the bulk of the crystal as opposed to near the surface, mobility values of ~40 cm 2 /Vs were obtained thus showing that surface traps and adsorbed impurities greatly impact OFET performance. More importantly, the high mobilities measured in these materials indicate that organic single crystals are suitable for use in electronic devices.
Andrienko and coworkers 41 have suggested, that single crystal based OFETS may not be practical, likely owing to the delicate manipulations needed to make the devices coupled with the fragile nature of the crystals. Anthony and coworkers 31a, b, 42 have tried to synthesize acenes with solubilizing groups that can be deposited using solution methods while maintaining a high level of crystalline order. Examples of these soluble acenes are shown in Figure 11 . Some of the derivatives show good mobilities (on the order of 1.0 cm 2 /Vs) for solution-processed materials. Interestingly, small changes in the solubilizing groups lead to pronounced changes in the crystal packing as determined by X-ray diffraction. A triethylsilyl substituted acene (compound 16) exhibited a brick-work 31c packing motif that is ideal for maximized π-orbital overlap between neighboring molecules which translated into mobilities of 1.0 cm 2 /Vs. A simple switch from the triethyl to the trimethylsilyl substituted acene (compound 17) resulted in crystal structure that exhibited herringbone packing, negligible intermolecular orbital overlap, and mobilities that were too low to be measured.
Given the interest in making high quality single crystals or crystalline films of organic semiconductors for OFETs, new methods have emerged for the deposition of such structures. Inkjet printing techniques 43 have been shown to give microcrystals capable of diffracting X-rays and giving diffraction patterns similar to bulk materials. This was achieved by inkjet printing a solution of the semiconductor in close proximity to a droplet of an antisolvent leading to slow crystallization as the solvents mix and evaporate. The crystals of a benzothiophene-based molecule obtained using this technique exhibit average mobilities of 16.4 cm 2 /Vs which are similar to that of rubrene single crystal devices.
The Bao group has actively been pursuing OFET technologies and has introduced patterned growth techniques that have the potential to grow crystals directly on devices obviating the need for manual manipulation of delicate crystals as is required in the vapor growth method. 44 Patterned growth is achieved by using a pre-patterned, self assembled monolayer as a growth template. Takeya and coworkers have introduced an oriented growth method 3, 45 where an inclined substrate and a "liquid-sustaining piece" allow high quality crystals to form on a SiO2 coated substrate. The resulting materials were single crystalline as confirmed by X-ray diffraction and gave mobilities on the order of 2 -6 cm 2 /Vs. Thus, it can be seen that high quality single crystals with good mobility characteristics can be obtained by solution methods. While significant effort has gone into new methods of growing high quality crystals and improving the solubility of acenes known to exhibit good performance in OFETs, effort is also directed toward the design of new materials with improved properties, such as smaller intramolecular distances in the solid state, that would lead to improved mobilities. While attention has been focused largely on thiophene based compounds 47 a recent report by Bendikov and coworkers 46 used X-ray crystallography, among other techniques, to reexamine the solid state structure of furan based materials. In particular, they synthesized and studied a series of furan oligomers including α-furan hexamer 10, the structure and crystal packing of which is shown in Figure 12 . When compared to the thiophene analogue, 48 10 was found to exhibit closer packing (2.57 Å for 10 versus 2.89 Å for the thiophene analogue) and shorter inter-ring C-C bond distances indicating less aromatic character and more quinoidal character, both of which could facilitate better charge transport in furan-based materials. The Bendikov group has also explored OFETs from oligofuran materials, 49 and a recent study showed that solution grown crystals of a naphthodifuran gave mobilities of 3.6 cm 2 /Vs despite exhibiting herringbone packing, which leads to less than optimal intermolecular π-orbital overlap. 50 Thus, it appears that furan based crystalline semiconductors, with further optimization and crystal engineering, could eventually surpass their thiophene analogues.
Given the high mobilities intrinsic to single crystalline acene type semiconductors, it would seem that single crystalline materials would be well suited for OPVs, which similar to OFETs, require high mobility materials, but also require materials able to efficiently absorb solar energy. There are, however, few examples of single crystal organic photovoltaics 51 as most research is devoted to polymeric materials, 52 solution processable small molecule semiconductors, 53 and dye-sensitized solar cells. 54 Recently, Yang and coworkers assembled a solar cell based on a single crystal of tetracene (shown in Figure 9 ) as the light absorbing layer and a C60 electron transport layer. 55 The device showed efficiencies that were less than 1%, and efficiency depended critically on the thickness of the crystal used in addition to the crystal face that was irradiated. The authors hypothesized that the device suffered from low performance because of the poor absorption of visible light by tetracene. Campione and coworkers similarly, examined single crystal photovoltaic devices based on rubrene, perylene, α-quarterthiophene, and tetracene without employing a C60 layer. While the voltage generated by the cell was adequate, the current generated was very low giving efficiencies that were on the order of 10 -5 %. The authors attribute the low performance to a high rate of exciton recombination, which they say does not necessarily preclude the use of single crystals in solar cells, but may necessitate the use of electron accepting materials to ensure a higher propensity for exciton separation in the active layer. Higher efficiencies have been obtained using organic materials; Kippelen and coworkers achieved an efficiency of ~2.7 % using a cell consisting of pentacene and C60, however, the active layer was polycrystalline. 56 Single crystal based devices show impressive mobilities, yet are not suitable for use when larger surface area coverage is desired such as in manufacturing displays and some solar cells, both of which are intensely pursued by academic and industrial groups seeking to commercialize these technologies. Polymeric and molecular materials amenable to spin coating and spray coating methods are ideally suited for coverage of large areas, but the mobilities resulting from amorphous and polycrystalline morphologies are orders of magnitude lower than those obtained for small single crystals. In an effort to close this gap, self-assembly processes have been examined for the generation of morphologies conducive to good charge transport and concomitant application in large area devices. In particular, nano-scale wires based on organic materials have been shown to be highly crystalline in nature, thus translating into effective charge transport materials 57 using simple and inexpensive solution methods.
Conjugated polymer nanowires with the potential for high mobility have been observed, although polymeric materials are typically spin coated or spray coated from dilute solutions giving amorphous films after solvent evaporation. In a prototypical example, however, careful and controlled deposition of the polymer TA-PPE ( Figure 13 ) gave crystalline nanowires. 58 These nanowires were obtained by slow evaporation (over a period of days) of a tetrahydrofuran solution of polymer with concentrations ranging from 0.05 -0.10 mg/mL. When incorporated into an OFET, the nanowires exhibited mobilities on the order of 0.01 -0.1 cm 2 /Vs, which were 3 -4 orders of magnitude higher than the mobilities obtained from an amorphous film of TA-PPE obtained by spin coating. The slow evaporation ensured good ordering of the polymer wires as shown in Figure 14 . Selected Area Electron Diffraction (SAED) gave sharp diffraction peaks indicating a high level of order as manifested in the high mobility values. Thus, conditions that allow polymer units to organize into higher order morphologies may be broadly applicable. Molecular materials with a propensity to form ordered, π-stacks have also demonstrated the ability to form crystalline molecular wires. A dianthracene diester gave crystals that packed with good π-overlap between neighboring anthracene units. 59 Crystalline nanorods, when irradiated with UV light, underwent a [2+2] photopolymerzation reaction in a crystal-tocrystal type transformation. While the resulting polymer was not well suited to charge transport, the authors clearly demonstrated how single crystalline nanorods could be used to give other materials with application in organic electronics. In a similar study, a dicyanovinyl substituted anthracene molecule formed nanowires when films were cast from dichloromethane solution. These nanowires gave remarkably clear SAED patterns proving the single crystalline organization of the component molecules. Moreover, while the mobility properties were not measured, the nanowires exhibit photoswitchable conductivity potentially allowing their use in photodetectors.
For most electronic applications, crystalline organic compounds still lag behind their inorganic counterparts in terms of device performance; however, the gap has been steadily decreasing. Given the continuous rapid advances of organic crystalline semiconductors, these materials may soon replace traditional inorganics and usher in an era of carbon-based electronic devices. 
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